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Ðàññìàòðèâàþòñÿ âîïðîñû  îðãàíèçàöèè çàùèòû Çåìëè îò ñòîëêíîâåíèÿ
ñ êîñìè÷åñêèìè îáúåêòàìè. Ïðîàíàëèçèðîâàíà ýôôåêòèâíîñòü ðàçëè÷íûõ
ñïîñîáîâ äðîáëåíèÿ êîñìè÷åñêèõ îáúåêòîâ ñ öåëüþ îñëàáèòü îïàñíûå ïîñëåä-
ñòâèÿ îò èõ ïàäåíèÿ íà Çåìëþ. Â ðàìêàõ ïðîáëåìû ðåøàëàñü çàäà÷à ýêñïåðè-
ìåíòàëüíîãî èññëåäîâàíèÿ àýðîòåðìîìåõàíè÷åñêîãî óíîñà íà íà÷àëüíîì
ó÷àñòêå ðàçãîíà ìîäåëè ìåòåîðèòà ïðè ãèïåðçâóêîâûõ ñêîðîñòÿõ â óñëîâèÿõ
èíòåíñèâíîãî ôîíîâîãî èçëó÷åíèÿ. Íà îñíîâàíèè ðåíòãåíîâñêèõ ñíèìêîâ è
ôîòîñíèìêîâ äâèæåíèÿ òåëà â àòìîñôåðå Çåìëè ïðè ãèïåðçâóêîâûõ ñêîðîñòÿõ
ïðåäëîæåíà êà÷åñòâåííàÿ êàðòèíà àýðîòåðìîìåõàíè÷åñêîãî óíîñà è òîðìî-
æåíèÿ ñòàëüíûõ øàðèêîâ è øàðèêîâ, èçãîòîâëåííûõ èç êîìïîçèòíîãî ñïëàâà
âîëüôðàì−íèêåëü−æåëåçî. Ïîêàçàíî, ÷òî õàðàêòåð ïðîöåññîâ, íàáëþäàåìûõ
ïðè ïîëåòå ñòàëüíûõ øàðèêîâ è øàðèêîâ èç êîìïîçèòíîãî ñïëàâà, ðàçëè÷åí.
Âî âðåìÿ ïîëåòà ïîä äåéñòâèåì àýðîäèíàìè÷åñêîãî òåïëîâîãî ïîòîêà (êîí-
âåêòèâíîãî è èçëó÷åíèÿ) ïðîèñõîäèò èíòåíñèâíûé íàãðåâ ëîáîâîé ïîâåðõíî-
ñòè îáúåêòîâ, íà÷èíàåòñÿ óíîñ ìàòåðèàëà, îáóñëîâëèâàþùèé èçìåíåíèå ìàñ-
ñû è îáâîäîâ. Ïðè ïðîäâèæåíèè îò ïîëþñíîãî ó÷àñòêà ëîáîâîé ïîâåðõíîñòè
ïî ïîòîêó ïðîèñõîäèò ñíèæåíèå óðîâíÿ òåïëîâûõ íàãðóçîê è, ñîîòâåòñòâåííî,
îñòûâàíèå ïëåíêè. Ïîýòîìó âîçðàñòàåò âÿçêîñòü ðàñïëàâà, ñêîðîñòü òå÷åíèÿ
ïëåíêè ïàäàåò, è ïðîèñõîäèò ôîðìèðîâàíèå íàïëûâà. Íàêàïëèâàþùèéñÿ ðàñ-
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ïëàâ ïåðèîäè÷åñêè ñðûâàåòñÿ ñ ïîâåðõíîñòè òåëà. Ïî ìåðå òîðìîæåíèÿ òåï-
ëîâûå ïîòîêè ñíèæàþòñÿ, óíîñ ïðåêðàùàåòñÿ, è â äàëüíåéøåì îáâîäû îáúåê-
òîâ óæå íå ìåíÿþòñÿ, à òåìïåðàòóðà ïîâåðõíîñòè ïàäàåò. Ó ñòàëüíûõ øàðèêîâ
óíîñ ïðîõîäèò èç-çà ïðîïëàâëåíèÿ íàðóæíîãî ñëîÿ è ñáðîñà êàïåëü. Ó øàðè-
êîâ èç ñïëàâà âîëüôðàì−íèêåëü−æåëåçî ìåõàíèçì óíîñà ñâÿçàí ñ ðàçíûìè òåì-
ïåðàòóðàìè ïëàâëåíèÿ êîìïîíåíòîâ è ïðèâîäèò ê äâèæåíèþ âîëüôðàìîâûõ
÷àñòèö â íàïðàâëåíèè, íîðìàëüíîì ê íàïðàâëåíèþ ïîëåòà òåëà.

Êëþ÷åâûå ñëîâà: àýðîòåðìîìåõàíè÷åñêèé óíîñ, àýðîáàëëèñòè÷åñêèé ýêñ-
ïåðèìåíò, ðåíòãåíîãðàôèðîâàíèå.

Íà÷èíàÿ ñ 1980-õ ãîäîâ ìèðîâîå ñîîáùåñòâî óäåëÿåò ñåðüåçíîå âíèìàíèå âîï-
ðîñàì, ñâÿçàííûì ñ âîçìîæíûìè ïîñëåäñòâèÿìè âñòðå÷è Çåìëè ñ êðóïíûìè àñòå-
ðîèäàìè è êîìåòàìè [1−8]. Îñîçíàíèå òàêîãî ðîäà îïàñíîñòè òðåáóåò îðãàíèçàöèè
çàùèòû Çåìëè îò ñòîëêíîâåíèÿ ñ êîñìè÷åñêèìè îáúåêòàìè. Åñòü ìíåíèå, ÷òî íàè-
áîëåå ýôôåêòèâíûì ñðåäñòâîì òàêîé çàùèòû ÿâëÿåòñÿ ðàçðóøåíèå êàìåííûõ è æå-
ëåçîêàìåííûõ êîñìè÷åñêèõ îáúåêòîâ ñ ïîìîùüþ ÿäåðíûõ âçðûâîâ [9−13], îñîáåí-
íî åñëè ýòî êàñàåòñÿ òåë äèàìåòðîì áîëåå 30 ì. Ïðè ýòîì ïðåäïîëàãàåòñÿ, ÷òî ÿäåð-
íûå áîåïðèïàñû (ßÁÏ) ìîãóò áûòü çàáëàãîâðåìåííî ñîñðåäîòî÷åíû íà îðáèòàëü-
íûõ ïëàòôîðìàõ. Îäíàêî âåðîÿòíîñòü âîçíèêíîâåíèÿ àâàðèéíûõ ñèòóàöèé ñ ßÁÏ
íå ìåíüøå, ÷åì âåðîÿòíîñòü ñòîëêíîâåíèÿ àñòåðîèäà ñ Çåìëåé. Ïîýòîìó íàðÿäó ñ
ðàçðàáîòêîé ïðîåêòîâ èñïîëüçîâàíèÿ ßÁÏ äëÿ áîðüáû ñ àñòåðîèäíîé îïàñ-
íîñòüþ àêòóàëüíîé ÿâëÿåòñÿ çàäà÷à ïîèñêà àëüòåðíàòèâíûõ ðåøåíèé. Â ÷àñòíîñòè,
ðàçðóøèòü êîñìè÷åñêèé îáúåêò ìîæíî íå òîëüêî ñ ïîìîùüþ ÿäåðíîãî âçðûâà, íî è
â ðåçóëüòàòå ñòîëêíîâåíèÿ ñ íèì äðóãîãî îáúåêòà. Ïðåäñòàâëÿåòñÿ, ÷òî êèíåòè÷åñ-
êèé ñïîñîá ðàçðóøåíèÿ ìàëûõ àñòåðîèäîâ ÿâëÿåòñÿ íàèáîëåå ïðèåìëåìûì.

Íåêîòîðûå ñïåöèàëèñòû [14−18] ñ÷èòàþò, ÷òî åñëè âåëè÷èíà ïðèëîæåííîé ê
àñòåðîèäó íàãðóçêè äîñòèãíåò êðèòè÷åñêîãî çíà÷åíèÿ íàïðÿæåíèÿ ðàçðóøåíèÿ, òî
ïî òåëó àñòåðîèäà ïîáåæèò âîëíà äðîáëåíèÿ è çà âðåìÿ ~ D/C (D − äèàìåòð àñòåðî-
èäà, Ñ − îáúåìíàÿ ñêîðîñòü çâóêà â ìàòåðèàëå àñòåðîèäà) ìàòåðèàë êîñìè÷åñêîãî
òåëà ïîòåðÿåò ñâÿçíîñòü (îíî áóäåò ðàçðóøåíî). Ñîãëàñíî [15], ïðè äâèæåíèè â àò-
ìîñôåðå Çåìëè ðàçäðîáëåííàÿ ìàññà àñòåðîèäà ñòàíîâèòñÿ áëèçêîé ïî ñâîéñòâàì ê
æèäêîñòè, ðàñòåêàåòñÿ è óíîñèòñÿ ïîòîêîì.

 Èçâåñòíî, ÷òî äëÿ ðàçðóøåíèÿ ìîíîëèòíîé ïðåãðàäû íàèáîëåå ýôôåêòèâíûì
ÿâëÿåòñÿ çàãëóáëåííûé âçðûâ. Ñ ó÷åòîì ýòîãî ôàêòà ìîæåò áûòü ïðèíÿòà êîíöåï-
öèÿ ñîçäàíèÿ êèíåòè÷åñêîãî óäàðíèêà, ñîäåðæàùåãî â ñâîåì ñîñòàâå âçðûâ÷àòîå âå-
ùåñòâî, ïðîíèêàþùåãî â òîëùó îïàñíîãî êîñìè÷åñêîãî îáúåêòà (ÎÊÎ) è îñóùåñòâ-
ëÿþùåãî åãî ôðàãìåíòàöèþ çà ñ÷åò âçðûâà íà çàäàííîé ãëóáèíå è â çàäàííûé ìî-
ìåíò âðåìåíè.

Âîïðîñ î íåîáõîäèìîé ñòåïåíè ôðàãìåíòàöèè äîëæåí ðåøàòüñÿ ñ ó÷åòîì òîãî,
÷òî àòìîñôåðà Çåìëè â çíà÷èòåëüíîé ñòåïåíè âûïîëíÿåò ôóíêöèè çàùèòû îò ñòîë-
êíîâåíèÿ ñ ÎÊÎ. Åå çàùèòíûå ôóíêöèè îáóñëîâëåíû òåì, ÷òî äâèæåíèå â ïëîòíûõ
ñëîÿõ àòìîñôåðû ÎÊÎ (áîëèäà) ñîïðîâîæäàåòñÿ ñëåäóþùèìè ïðîöåññàìè:

− ïîñëåäîâàòåëüíûì ðàçðóøåíèåì (ôðàãìåíòàöèåé) ïîä äåéñòâèåì ðàçâèâàþ-
ùåãîñÿ íà åãî ïîâåðõíîñòè âûñîêîãî äàâëåíèÿ;

− àýðîòåðìîìåõàíè÷åñêèì ïîâåðõíîñòíûì ðàçðóøåíèåì, óíîñîì ìàññû ÎÊÎ è
ðàçäåëåíèåì åãî íà îòäåëüíî ëåòÿùèå ôðàãìåíòû;

− èíòåíñèâíûì òîðìîæåíèåì ôðàãìåíòîâ ÎÊÎ èç-çà àýðîäèíàìè÷åñêîãî ñî-
ïðîòèâëåíèÿ è ïîòåðè ìàññû.
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Ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïðîöåññà àýðîòåðìîìåõàíè÷åñ-
êîãî óíîñà è òîðìîæåíèÿ òåë ïðè èõ äâèæåíèè â àòìîñôåðå Çåìëè ñî ñâåðõçâóêîâû-
ìè ñêîðîñòÿìè íà àýðîáàëëèñòè÷åñêèõ óñòàíîâêàõ [19−21]. Îáúåêòàìè èñïûòàíèé
â ïîñòàíîâî÷íûõ îïûòàõ íà àýðîáàëëèñòè÷åñêîé óñòàíîâêå ÿâëÿëèñü:

− øàðèêè äèàìåòðîì 10,4 ìì, ìàññîé 10 ã, èçãîòîâëåííûå èç êîìïîçèòíîãî ñïëàâà
ÂÍÆ-90;

− øàðèêè äèàìåòðîì 13,5 ìì, ìàññîé 10 ã, èçãîòîâëåííûå èç ñòàëè ØÕ15.
Óêàçàííûå îáúåêòû îòñòðåëèâàëèñü â ñâîáîäíûé ïîëåò èç ëåãêîãàçîâîé áàëëè-

ñòè÷åñêîé óñòàíîâêè ñî ñêîðîñòÿìè V0 = 5−6,2 êì/ñ. Äàëüíîñòü ñâîáîäíîãî ïîëåòà
ñîñòàâëÿëà ≈160 ì, â ïðîöåññå ïîëåòà îñóùåñòâëÿëèñü îïòè÷åñêèå, ðåíòãåíîãðàôè-
÷åñêèå è õðîíîãðàôè÷åñêèå èçìåðåíèÿ. Íà÷àëüíàÿ òåìïåðàòóðà îáúåêòîâ ñîîòâåò-
ñòâîâàëà ìåòåîóñëîâèÿì íà ìîìåíò ïðîâåäåíèÿ îïûòîâ (10−20 °Ñ).

Âî âðåìÿ ïîëåòà ïîä äåéñòâèåì àýðîäèíàìè÷åñêîãî òåïëîâîãî ïîòîêà (êîíâåê-
òèâíîãî è èçëó÷åíèÿ) ïðîèñõîäèò èíòåíñèâíûé íàãðåâ ëîáîâîé ïîâåðõíîñòè îáúåêòà.
Òåìïåðàòóðà ïîâåðõíîñòè äîñòèãàåò òåìïåðàòóðû ðàçðóøåíèÿ ìàòåðèàëà, è íà÷è-
íàåòñÿ åãî óíîñ, îáóñëîâëèâàþùèé èçìåíåíèå ìàññû è îáâîäîâ. Ïî ìåðå òîðìîæå-
íèÿ òåïëîâûå ïîòîêè ñíèæàþòñÿ, óíîñ ïðåêðàùàåòñÿ, è â äàëüíåéøåì îáâîäû îáúåê-
òîâ óæå íå ìåíÿþòñÿ, à òåìïåðàòóðà ïîâåðõíîñòè ïàäàåò. Îòìå÷åííûå îáñòîÿòåëü-
ñòâà ÿâëÿþòñÿ õàðàêòåðíûìè äëÿ âñåõ ïðîâåäåííûõ ýêñïåðèìåíòîâ. Íà ðèñ. 1 ïðåä-
ñòàâëåíû ðåçóëüòàòû ðåãèñòðàöèè àýðîôîòîêàìåðàìè (ÀÔÀ) ïîëåòà øàðèêà èç ÂÍÆ
íà ó÷àñòêå òðàåêòîðèè, ãäå ïðîèñõîäèë óíîñ.

Õàðàêòåðíûì ÿâëÿåòñÿ íàëè÷èå ïëîòíîãî òðåêà ñâåòÿùåãîñÿ øàðèêà â îðåîëå
ðàñõîäÿùèõñÿ òðåêîâ ñâåòÿùèõñÿ ÷àñòèö çíà÷èòåëüíî ìåíüøèõ ðàçìåðîâ.

Ïðåäñòàâëåííûå íà ðèñ. 2 ðåíòãåíîâñêèå ñíèìêè ðàçëè÷íûõ ñòàäèé ïîëåòà ýòî-
ãî øàðèêà (íàïðàâëåíèå ïîëåòà ñëåâà íàïðàâî) ïîçâîëÿþò ïðåäëîæèòü êà÷åñòâåí-
íóþ êàðòèíó ïðîöåññîâ, â òîì ÷èñëå è ðåãèñòðèðóåìûõ ôîòîêàìåðàìè ÀÔÀ.

Â çàâèñèìîñòè îò ìàòåðèàëà îáúåêòîâ ìåòàíèÿ ïðîöåññ àýðîòåðìîìåõàíè÷åñ-
êîãî óíîñà ïðè ãèïåðçâóêîâûõ ñêîðîñòÿõ ñóùåñòâåííî ðàçëè÷åí.

Â ïðîöåññå óíîñà íà ðåíòãåíîâñêèõ ñíèìêàõ â çîíå ëîáîâîé ïîâåðõíîñòè øà-
ðèêà ââåðõ ïî ïîòîêó ðåãèñòðèðóåòñÿ çàòåìíåííàÿ îáëàñòü ñ ðàçìûòîé ãðàíèöåé.
Ñóäÿ ïî âèäó ãðàíèöû, ýòà îáëàñòü ÿâëÿåòñÿ ãàçîîáðàçíîé è ðàñïðîñòðàíÿåòñÿ âíèç
ïî ïîòîêó äî îêðåñòíîñòè òî÷êè íà÷àëà ðåçêîãî ðàñøèðåíèÿ ïîòîêà. Íàëè÷èå óêà-
çàííîé îáëàñòè îáóñëîâëåíî îñîáåííîñòÿìè ïðîöåññà àýðîòåðìîìåõàíè÷åñêîãî óíî-
ñà ìàòåðèàëà ñïëàâà ÂÍÆ è àýðîáàëëèñòè÷åñêèìè óñëîâèÿìè ïîëåòà.

Ðèñ. 1. Ðåãèñòðàöèÿ êàìåðîé ÀÔÀ ïîëåòà øàðèêà èç ÂÍÆ íà ó÷àñòêå òðàåêòîðèè,
ãäå ïðîèñõîäèë óíîñ (X = 66 ì, V ≈ 4 êì/ñ)
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Ñïëàâ ÂÍÆ ÿâëÿåòñÿ êîìïîçèòíûì ìàòåðèàëîì, åãî êîìïîíåíòû èìåþò îòëè-
÷àþùèåñÿ òåïëîôèçè÷åñêèå ñâîéñòâà, â ÷àñòíîñòè òåìïåðàòóðó ïëàâëåíèÿ. Ïî ìåðå
ðàçîãðåâà ëîáîâîé ÷àñòè øàðèêà ïåðâûì íà÷èíàåò ïëàâèòüñÿ ñâÿçóþùåå çâåíî æå-
ëåçî−íèêåëü, òåìïåðàòóðà ïëàâëåíèÿ êîòîðîãî ïðèìåðíî â 2 ðàçà íèæå òåìïåðàòó-
ðû ïëàâëåíèÿ îñíîâû − çåðåí âîëüôðàìà. Â ðåçóëüòàòå ïëàâëåíèÿ ñâÿçêè çåðíà âîëü-
ôðàìà èëè èõ îòäåëüíûå àññîöèàöèè òåðÿþò ìåõàíè÷åñêóþ ñâÿçü ìåæäó ñîáîé è
íà÷èíàþò àâòîíîìíîå äâèæåíèå â óäàðíîì ñëîå. Ñóäÿ ïî ðåíòãåíîâñêèì ñíèìêàì,
òîðìîæåíèå øàðèêà îêàçûâàåòñÿ áîëåå èíòåíñèâíûì, è ïîýòîìó â îòíîñèòåëüíîì
äâèæåíèè çåðíà âîëüôðàìà ïðîäâèãàþòñÿ ââåðõ ïî ïîòîêó îòíîñèòåëüíî òâåðäîé
ïîâåðõíîñòè øàðèêà.

×èñëåííûå ðàñ÷åòû îáòåêàíèÿ øàðèêà ñ îáâîäàìè, ïðèíÿòûìè íà îñíîâå ðåíò-
ãåíîâñêèõ ñíèìêîâ, ïîòîêîì íåâÿçêîãî ðàâíîâåñíî-äèññîöèèðóþùåãî âîçäóõà ïî-
êàçàëè, ÷òî âíåøíÿÿ ãðàíèöà çàòåìíåííîé çîíû íà ðåíòãåíîâñêèõ ñíèìêàõ â ïî-
ëþñíîé ÷àñòè ïðàêòè÷åñêè ïðèìûêàåò ê ãîëîâíîé óäàðíîé âîëíå, òî åñòü çåðíà âîëüô-
ðàìà â ýòîé çîíå çàíèìàþò ïðàêòè÷åñêè âåñü îáúåì óäàðíîãî ñëîÿ. Íà÷àâ àâòîíîì-
íîå äâèæåíèå â óäàðíîì ñëîå ñîâìåñòíî ñ ãàçîâîé ôàçîé, îìûâàþùåé òâåðäóþ ïî-
âåðõíîñòü, îíè ïðèîáðåòàþò ñîñòàâëÿþùóþ ñêîðîñòè, íîðìàëüíóþ ê íàïðàâëåíèþ
ïîëåòà. Â ñâÿçè ñ ýòèì èõ òðàåêòîðèè îòêëîíÿþòñÿ îò òðàåêòîðèè øàðèêà è ôîðìè-
ðóþò îðåîë òðåêîâ, ðåãèñòðèðóåìûõ ôîòîêàìåðàìè.

Ïðîöåññû, íàáëþäàåìûå ïðè ïîëåòå ñòàëüíîãî øàðèêà, ñóùåñòâåííî îòëè÷à-
þòñÿ îò ðàññìîòðåííûõ âûøå. Ïðåæäå âñåãî, ñëåäóåò îòìåòèòü, ÷òî òðåê, ðåãèñòðè-
ðóåìûé ôîòîêàìåðàìè, èìååò ÷åòêèå ãðàíèöû è íå ñîäåðæèò äîïîëíèòåëüíûõ òðå-
êîâ êàêèõ-ëèáî ñîïóòñòâóþùèõ ôðàãìåíòîâ.

Äðóãèì âàæíûì îáñòîÿòåëüñòâîì ÿâëÿåòñÿ ïóëüñèðóþùèé õàðàêòåð òðåêà. Ïå-
ðèîäè÷åñêè ïðîèñõîäèò óâåëè÷åíèå åãî ïîïåðå÷íûõ ðàçìåðîâ (ÿðêîñòè ñâå÷åíèÿ,
âñïûøêè). ×àñòîòà ñëåäîâàíèÿ ó÷àñòêîâ òðåêà óâåëè÷åííûõ ðàçìåðîâ è èõ ïðîòÿ-
æåííîñòü íå ïîñòîÿííà. Ýòîò ïðîöåññ õàðàêòåðåí òîëüêî äëÿ òîé ÷àñòè òðàåêòîðèè,
ãäå ïðîèñõîäèò óíîñ ñ ïîâåðõíîñòè ñòàëüíîãî øàðèêà. Ñëåäóåò îòìåòèòü, ÷òî íà
ñíèìêàõ ñ ðàêóðñàìè, îòëè÷àþùèìèñÿ íà 90°, îäèí è òîò æå ó÷àñòîê òðåêà ôèêñèðó-
åòñÿ ðàçëè÷íûì îáðàçîì. Íà îäíîì èç ñíèìêîâ èìååòñÿ ó÷àñòîê ñ èçìåíÿþùåéñÿ
øèðèíîé òðåêà, íà äðóãîì øèðèíà òðåêà ïîñòîÿííà.

Îòìå÷åííûå îáñòîÿòåëüñòâà ïîçâîëÿþò ñôîðìèðîâàòü êà÷åñòâåííóþ ñõåìó ïðî-
öåññîâ, ðåàëèçóþùèõñÿ ïðè ïîëåòå ñòàëüíîãî øàðèêà. Ñòàëü, â îòëè÷èå îò ñïëàâà
ÂÍÆ, ÿâëÿåòñÿ ãîìîãåííûì ìàòåðèàëîì, è ïî äîñòèæåíèè òåìïåðàòóðû 1540 °Ñ
îíà íà÷èíàåò ïëàâèòüñÿ. Ñ ìîìåíòà ïðîãðåâà ëîáîâîé ïîâåðõíîñòè äî òåìïåðàòóðû

à)                                á)                                   â)                               ã)

Ðèñ. 2. Ðåíòãåíîâñêèå ñíèìêè øàðèêà èç ÂÍÆ â ðàçëè÷íûõ ñòàäèÿõ ïîëåòà:
à) X = 14 ì, V = 4,9 êì/ñ; á) X = 26 ì, V = 4,6 êì/ñ; â) X = 43 ì, V = 4,1 êì/ñ;

ã) X = 156 ì, V = 1,5 êì/ñ
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ïëàâëåíèÿ íà÷èíàåòñÿ òå÷åíèå æèäêîé ïëåíêè ðàñïëàâà. Ïðè ïðîäâèæåíèè îò ïî-
ëþñíîãî ó÷àñòêà ëîáîâîé ïîâåðõíîñòè âíèç ïî ïîòîêó ïðîèñõîäèò ñíèæåíèå óðîâ-
íÿ òåïëîâûõ íàãðóçîê è, ñîîòâåòñòâåííî, îñòûâàíèå ïëåíêè. Ïîýòîìó âîçðàñòàåò
âÿçêîñòü ðàñïëàâà, ñêîðîñòü òå÷åíèÿ ïëåíêè ïàäàåò è ïðîèñõîäèò ôîðìèðîâàíèå
íàïëûâà. Íàêàïëèâàþùèéñÿ ðàñïëàâ ïåðèîäè÷åñêè ñðûâàåòñÿ ñ ïîâåðõíîñòè øàðà.

Â ðåçóëüòàòå ñðûâà êàïåëü è èõ âîçìîæíîãî ïîñëåäóþùåãî äðîáëåíèÿ ìîãóò
èíòåíñèôèöèðîâàòüñÿ ïðîöåññû îêèñëåíèÿ (ãîðåíèÿ), ÷òî ìîæåò áûòü ïðè÷èíîé
íàáëþäàåìîãî ïåðèîäè÷åñêîãî óâåëè÷åíèÿ øèðèíû (èëè ÿðêîñòè ñâå÷åíèÿ) òðåêà.
Îäíàêî ýòî ÿâëåíèå ìîæåò áûòü îáóñëîâëåíî è ñîîòâåòñòâóþùèì ïåðèîäè÷åñêèì
óâåëè÷åíèåì ãàáàðèòîâ øàðèêà èç-çà ôîðìèðîâàíèÿ íàïëûâîâ. Ïåðèîäè÷åñêîå ôîð-
ìèðîâàíèå íàïëûâîâ è ñðûâ êàïåëü äîëæíû ïðîèñõîäèòü â ðàçëè÷íûõ ìåðèäèî-
íàëüíûõ ïëîñêîñòÿõ, î ÷åì ñâèäåòåëüñòâóåò ðàçëè÷íûé âèä îäíèõ è òåõ æå ó÷àñòêîâ
òðåêà, ñíÿòîãî ïðè ðàçëè÷íûõ ðàêóðñàõ. Ýòî æå îáñòîÿòåëüñòâî â îáúÿñíåíèè óâå-
ëè÷åíèÿ øèðèíû òðåêà ïîçâîëÿåò ñäåëàòü ïðåäïîëîæåíèå î âëèÿíèè óâåëè÷åíèÿ
ãàáàðèòîâ øàðèêà èç-çà íàïëûâà ðàñïëàâà. Åñëè áû ïðè÷èíîé áûëî ãîðåíèå êàïåëü
ðàñïëàâà, ñîðâàâøèõñÿ ñ ïîâåðõíîñòè øàðà, òî õàðàêòåð îïòè÷åñêèõ ýôôåêòîâ, ñî-
ïðîâîæäàþùèõ ýòî ÿâëåíèå (óâåëè÷åíèå øèðèíû òðåêà), ñêîðåå âñåãî, íå çàâèñåë
áû îò ðàêóðñà íàáëþäåíèÿ.

Îáà øàðèêà, ñòàëüíîé è èç ñïëàâà ÂÍÆ, â êîíå÷íîé ñòàäèè ïîëåòà, êîãäà óíîñ
ïðåêðàòèëñÿ, èìåþò ïîäîáíûå îáâîäû, õàðàêòåðíûå äëÿ òèïè÷íîé ìåòåîðèòíîé
ôîðìû.

Ýêñïåðèìåíòû ïîêàçûâàþò, ÷òî øàðèêè è êóáèêè, íå èìåþùèå ïðåèìóùåñòâåí-
íîé àýðîäèíàìè÷åñêîé îðèåíòàöèè, â ïîëåòå îêàçûâàþòñÿ ñòàòè÷åñêè óñòîé÷èâû-
ìè è ñîõðàíÿþò îðèåíòàöèþ ñ ìîìåíòà íà÷àëà óíîñà.

Èç ïðåäñòàâëåííûõ ðåçóëüòàòîâ ïîñòàíîâî÷íûõ ýêñïåðèìåíòîâ ïî èññëåäîâà-
íèþ àýðîòåðìîìåõàíè÷åñêèõ ïðîöåññîâ, ñîïóòñòâóþùèõ äâèæåíèþ òåë ñ ãèïåð-
çâóêîâûìè ñêîðîñòÿìè â ïëîòíûõ ñëîÿõ àòìîñôåðû, ñëåäóåò, ÷òî â óñëîâèÿõ àýðî-
áàëëèñòè÷åñêîãî ýêñïåðèìåíòà íàáëþäàþòñÿ ýôôåêòû, ñõîäíûå ñ íàáëþäàåìûìè
ýôôåêòàìè ïðè ïîëåòå áîëèäîâ. Ýòî äàåò îñíîâàíèÿ ïîëàãàòü, ÷òî ïîñòàíîâêîé ñïå-
öèàëüíûõ ýêñïåðèìåíòîâ â óñëîâèÿõ àýðîáàëëèñòè÷åñêèõ óñòàíîâîê ìîæíî èññëå-
äîâàòü õàðàêòåðèñòèêè ïðîöåññîâ, ñîïðîâîæäàþùèõ ïîëåò îáúåêòîâ èç ìàòåðèà-
ëîâ, áëèçêèõ ïî ñâîèì ôèçèêî-ìåõàíè÷åñêèì ñâîéñòâàì ê ìàòåðèàëàì îïàñíûõ êîñ-
ìè÷åñêèõ îáúåêòîâ. Ïåðåíîñ ðåçóëüòàòîâ òàêèõ èññëåäîâàíèé íà óñëîâèÿ ïîëåòà
ðåàëüíîãî ÎÊÎ ïîçâîëèò îñóùåñòâèòü îöåíêè åãî îïàñíîñòè ñ òî÷êè çðåíèÿ ðàçðó-
øåíèé ïðè âûïàäàíèè íà çåìëþ ìåòåîðèòîâ è âîçäåéñòâèÿ ãîëîâíîé óäàðíîé âîë-
íû, ñîçäàâàåìîé ÎÊÎ èëè åãî ôðàãìåíòàìè â ïðîöåññå ïîëåòà â àòìîñôåðå Çåìëè.
Íà îñíîâå òàêèõ îöåíîê ìîãóò áûòü ñôîðìóëèðîâàíû òðåáîâàíèÿ ïî ñòåïåíè íåîá-
õîäèìîé ôðàãìåíòàöèè èñõîäíîãî ÎÊÎ.

Ñïèñîê ëèòåðàòóðû

1. Park S.-Y.,  Ross I.M. Two-body optimization for deflecting Earth-crossing asteroids. Journal
of Guidance, Control and Dynamics. 1999. Vol. 22. No 3. P. 415−420.

2. Hall C.D.,  Ross I.M. Dynamics and control problems in the deflection of Near-Earth objects.
Advances in the Astronautical Sciences, Astrodynamics. 1997. 1997. Vol. 97. Part I. P. 613−631.

3. Ross I.M., Park S.-Y., Porter S.E. Gravitational effects of Earth in optimizing Delta-V
for deflecting Earth-crossing asteroids. Journal of Spacecraft and Rockets. 2001. Vol. 38. No 5.
P. 759−764.

4. Yeomans D. Small bodies of the solar system. Nature. 2000. Vol. 404. P. 829−832.



224

5. Äóäîðîâ À.Å., Åðåòíîâà Î.Â. ×àñòîòà ïàäåíèÿ ìåòåîðèòîâ. Çàáàáàõèíñêèå íàó÷íûå
÷òåíèÿ: ñáîðíèê ìàòåðèàëîâ XII Ìåæäóíàðîäíîé êîíôåðåíöèè. 2−6 èþíÿ 2014. Ñíåæèíñê:
Èçä-âî ÐÔßÖ−ÂÍÈÈÒÔ, 2014. Ñ. 22−23.

6. Çàéöåâ À.Â., Ìàõóòîâ Í.À., Ïåòðîâ Ä.Â., Ïó÷êîâ Â.À., Ñèìîíåíêî Â.À., Òàðàíîâ À.À.,
Øóáèí Î.Í. Ïðîáëåìû è îñíîâû ñîçäàíèÿ ìåæäóíàðîäíîé ñèñòåìû ïëàíåòàðíîé çàùèòû.
Çàáàáàõèíñêèå íàó÷íûå ÷òåíèÿ: ñáîðíèê ìàòåðèàëîâ XII Ìåæäóíàðîäíîé êîíôåðåíöèè.
2−6 èþíÿ 2014. Ñíåæèíñê: Èçä-âî ÐÔßÖ−ÂÍÈÈÒÔ, 2014. Ñ. 24−25.

7. Äåãòÿðü Â.Ã., Ïîçèí Ã.Á., Ñàèòãàðàåâ Ñ.Ñ. Âîçìîæíîñòè ðàêåòíî-êîñìè÷åñêèõ êîìï-
ëåêñîâ äëÿ ñîçäàíèÿ áëèæíåãî ýøåëîíà ñèñòåìû çàùèòû Çåìëè. Çàáàáàõèíñêèå íàó÷íûå ÷òå-
íèÿ: ñáîðíèê ìàòåðèàëîâ XII Ìåæäóíàðîäíîé êîíôåðåíöèè. 2−6 èþíÿ 2014. Ñíåæèíñê: Èçä-
âî ÐÔßÖ−ÂÍÈÈÒÔ, 2014. Ñ. 9−10.

8. Àâðàìåíêî Ì.È., Ãëàçûðèí È.Â., Èîíîâ Ã.Â., Êàðïååâ À.Â. Ðàñ÷åòû ïàðàìåòðîâ âîç-
äóøíîé âîëíû, âûçâàííîé ×åëÿáèíñêèì áîëèäîì. Çàáàáàõèíñêèå íàó÷íûå ÷òåíèÿ: ñáîðíèê
ìàòåðèàëîâ XII Ìåæäóíàðîäíîé êîíôåðåíöèè. 2−6 èþíÿ 2014. Ñíåæèíñê: Èçä-âî ÐÔßÖ−
ÂÍÈÈÒÔ, 2014. Ñ. 7−8.

9. Ëåâèí Á.Þ. Ôèçè÷åñêàÿ òåîðèÿ ìåòåîðîâ è ìåòåîðíîå âåùåñòâî â Ñîëíå÷íîé ñèñ-
òåìå. Ì.: Èçä-âî ÀÍ ÑÑÑÐ, 1956. 294 ñ.

10. Àñòàïîâè÷ È.Ñ. Ìåòåîðíîå ÿâëåíèå â àòìîñôåðå Çåìëè. Ì.: Ôèçìàòãèç, 1958. 634 ñ.
11. Áðîíøòýí Â.À. Ïðîáëåìû äâèæåíèÿ â àòìîñôåðå êðóïíûõ ìåòåîðèòíûõ òåë. Ì.:

Èçä-âî ÀÍ ÑÑÑÐ, 1963. 124 ñ.
12. Ãðîõîâñêèé Â.È. Ðàçðóøåíèå ìåòåîðîèäîâ ðàçëè÷íîãî ñîñòàâà è ñòðóêòóðû. Çàáàáà-

õèíñêèå íàó÷íûå ÷òåíèÿ: ñáîðíèê ìàòåðèàëîâ XII Ìåæäóíàðîäíîé êîíôåðåíöèè. 2−6 èþíÿ
2014. Ñíåæèíñê: Èçä-âî ÐÔßÖ−ÂÍÈÈÒÔ, 2014. Ñ. 19−20.

13. Ãðÿçíûõ Ä.À., Ñèìîíåíêî Â.À., Åëñóêîâ Â.Ï., Ëåáåäåâ Ñ.Í., Ëèòâèíåíêî È.À. Ñïî-
ñîáû óäàðíî-âîëíîâîãî âîçäåéñòâèÿ íà îïàñíûå êîñìè÷åñêèå îáúåêòû. Çàáàáàõèíñêèå íàó÷-
íûå ÷òåíèÿ: ñáîðíèê ìàòåðèàëîâ XII Ìåæäóíàðîäíîé êîíôåðåíöèè. 2−6 èþíÿ 2014. Ñíå-
æèíñê: Èçä-âî ÐÔßÖ−ÂÍÈÈÒÔ, 2014. Ñ. 20−21.

14. Ðîìèã Ì. Ôèçèêà âõîäà ìåòåîðíûõ òåë â àòìîñôåðó. Ðàêåòíàÿ òåõíèêà è êîñìîíàâ-
òèêà. 1965. Ò. 3. ¹ 3. C. 3−15.

15. Ñòóëîâ Â.Ï., Ìèðñêèé Â.Í., Âèñëûé À.È. Àýðîäèíàìèêà áîëèäîâ. Ì.: Íàóêà, Ôèç-
ìàòëèò, 1995. 240 ñ.

16. Áàáàäæàíîâ Ï.Á. Ìåòåîðû è èõ íàáëþäåíèå. Ì.: Íàóêà, Ôèçìàòëèò, 1987. 176 ñ.
17. Èâàíîâ À.Ã., Ðûæàíñêèé Â.À. Õðóïêèå ðàçðóøåíèÿ ìåòåîðîèäîâ â àòìîñôåðàõ ïëà-

íåò. Ñàðîâ: Èçä-âî ÐÔßÖ−ÂÍÈÈÝÔ, 2006. 178 ñ.
18. Èîíîâ Ã.Â. Ðàñ÷åò äâèæåíèÿ ôðàãìåíòîâ â àòìîñôåðå ñ ó÷åòîì íàáëþäàòåëüíûõ äàí-

íûõ. Çàáàáàõèíñêèå íàó÷íûå ÷òåíèÿ: ñáîðíèê ìàòåðèàëîâ XII Ìåæäóíàðîäíîé êîíôåðåí-
öèè. 2−6 èþíÿ 2014. Ñíåæèíñê: Èçä-âî ÐÔßÖ−ÂÍÈÈÒÔ, 2014. Ñ. 30−31.

19. Ãåðàñèìîâ Ñ.È., Åðîôååâ Â.È., Êèêååâ Â.À., Ôîìêèí À.Ï. Îá îñîáåííîñòÿõ ðàñ÷åò-
íî-ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé àýðîäèíàìè÷åñêèõ ïðîöåññîâ ïðè ãèïåðçâóêîâûõ ñêî-
ðîñòÿõ îáòåêàíèÿ. Âû÷èñëèòåëüíàÿ ìåõàíèêà ñïëîøíûõ ñðåä. 2013. Ò. 6. ¹1. Ñ. 34−40.

20. Ãåðàñèìîâ Ñ.È., Êèêååâ Â.À., Ôîìêèí À.Ï. Ïîâûøåíèå èíôîðìàòèâíîñòè àýðîáàë-
ëèñòè÷åñêîãî ýêñïåðèìåíòà êàê ìåðà ïîâûøåíèÿ òî÷íîñòè îïðåäåëåíèÿ êîýôôèöèåíòà ñî-
ïðîòèâëåíèÿ. Æóðíàë òåõíè÷åñêîé ôèçèêè. 2016. Ò. 86. ¹11. Ñ. 125−132.

21. Ãåðàñèìîâ Ñ.È., Êèêååâ Â.À., Òîòûøåâ Ê.Â., Ôîìêèí À.Ï., ßíåíêî Á.À. Âèçóàëèçà-
öèÿ ñâåðõçâóêîâîãî äâèæåíèÿ ñôåðû â âîçäóõå è â âîäå. Íàó÷íàÿ âèçóàëèçàöèÿ. 2017. Ò. 9.
¹1. Ñ. 1−25.

References

1. Park S.-Y.,  Ross I.M. Two-body optimization for deflecting Earth-crossing asteroids. Journal
of Guidance, Control and Dynamics. 1999. Vol. 22. No 3. P. 415−420.

2. Hall C.D.,  Ross I.M. Dynamics and control problems in the deflection of Near-Earth objects.
Advances in the Astronautical Sciences, Astrodynamics 1997. 1997. Vol. 97. Part I. P. 613−631.

3. Ross I.M., Park S.-Y., Porter S.E. Gravitational effects of Earth in optimizing Delta-V for
deflecting Earth-crossing asteroids. Journal of Spacecraft and Rockets. 2001. Vol. 38. No 5.
P. 759−764.



225

4. Yeomans D. Small bodies of the solar system. Nature. 2000. Vol. 404. P. 829−832.
5. Dudorov A.E., Eretnova O.V. Chastota padeniya meteoritov [The frequency of meteorite

falls]. Zababakhinskie nauchnye chteniya: sbornik materialov XII Mezhdunarodnoy konferentsii.
2−6 iyunya 2014 [Zababakhin Scientific Talks: Proceedings of the XII International Conference.
2−6 June 2014]. Snezhinsk. RFNC−VNIITF Publ. 2014. P. 22−23 (In Russian).

6. Zaitsev A.V., Makhutov N.A., Petrov D.V., Puchkov V.A., Simonenko V.A., Taranov A.A.,
Shubin O.N. Problemy i osnovy sozdaniya mezhdunarodnoy sistemy planetarnoy zashchity
[Problems and bases for the creation of the international planetary defence system]. Zababakhinskie
nauchnye chteniya: sbornik materialov XII Mezhdunarodnoy konferentsii. 2−6 iyunya 2014
[Zababakhin Scientific Talks: Proceedings of the XII International Conference. 2−6 June 2014].
Snezhinsk. RFNC−VNIITF Publ. 2014. P. 24−25 (In Russian).

7. Degtiar V.G., Pozin G.B., Saitgaraev S.S. Vozmozhnosti raketno-kosmicheskikh kompleksov
dlya sozdaniya blizhnego eshelona sistemy zashchity Zemli [The possibilities of space-rocket
complexes to create a middle tier system for the protection of the Earth]. Zababakhinskie nauchnye
chteniya: sbornik materialov XII Mezhdunarodnoy konferentsii. 2−6 iyunya 2014 [Zababakhin
Scientific Talks: Proceedings of the XII International Conference. 2−6 June 2014]. Snezhinsk.
RFNC−VNIITF Publ. 2014. P. 9−10 (In Russian).

8. Avramenko M.I., Glazyrin I.V., Ionov G.V., Karpeev A.V. Raschety parametrov vozdushnoy
volny, vyzvannoy Chelyabinskim bolidom [Calculations of the air wave parameters caused by the
Chelyabinsk fire-ball]. Zababakhinskie nauchnye chteniya: sbornik materialov XII Mezhdunarodnoy
konferentsii. 2−6 iyunya 2014 [Zababakhin Scientific Talks: Proceedings of the XII International
Conference. 2−6 June 2014]. Snezhinsk. RFNC−VNIITF Publ. 2014. P. 7−8 (In Russian).

9. Levin B.Yu. Fizicheskaya teoriya meteorov i meteornoe veshchestvo v Solnechnoy sisteme
[Physical Theory of Meteors and Meteoric Matter in the Solar System]. Moscow. AS USSR Publ.
1956. 294 p. (In Russian).

10. Astapovich I.S. Meteornoe yavlenie v atmosfere Zemli [Meteor Phenomenon in the
Atmosphere]. Ìoscow. Fizmatgiz Publ. 1958. 634 p. (In Russian).

11. Bronshten V.A. Problemy dvizheniya v atmosfere krupnykh meteoritnykh tel [Problems  of
Motion in the Atmosphere of Large Meteorite Bodies]. Ìoscow. AS USSR Publ. 1963. 124 p. (In
Russian).

12. Grokhovskii V.I. Razrushenie meteoroidov razlichnogo sostava i struktury [Destruction
of meteoroids of different composition and structure]. Zababakhinskie nauchnye chteniya: sbornik
materialov XII Mezhdunarodnoy konferentsii. 2−6 iyunya 2014 [Zababakhin Scientific Talks:
Proceedings of the XII International Conference. 2−6 June 2014]. Snezhinsk. RFNC−VNIITF
Publ. 2014. P. 19−20 (In Russian).

13. Griaznykh D.A., Simonenko V.A., Elsukov V.P., Lebedev S.N., Litvinenko I.A. Sposoby
udarno-volnovogo vozdeystviya na opasnye kosmicheskie ob'ekty [Methods of shock wave impact
on dangerous space objects]. Zababakhinskie nauchnye chteniya: sbornik materialov XII Mezhduna-
rodnoy konferentsii. 2−6 iyunya 2014 [Zababakhin Scientific Talks: Proceedings of the XII Interna-
tional Conference. 2−6 June 2014]. Snezhinsk. RFNC−VNIITF Publ. 2014. P. 20−21 (In Russian).

14. Romig M. Fizika vkhoda meteornykh tel v atmosferu [Physics of entrance of meteor bodies
into the atmosphere]. Raketnaya tekhnika i kosmonavtika [AIAA Journal: Devoted to Aerospace
Research and Development]. 1965. Vol. 3. No 3. P. 3−15 (In Russian).

15. Stulov V.P., Mirskii V.N., Vislyi A.I. Aerodinamika bolidov [The Aerodynamics of the
Fire-ball]. Moscow. Nauka, Fizmatlit Publ. 1995. 240 p. (In Russian).

16. Babadzhanov P.B. Meteory i ikh nablyudenie [Meteors and Their Observation]. Moscow.
Nauka, Fizmatlit Publ. 1987. 176 p. (In Russian).

17. Ivanov A.G., Ryzhanskii V.A. Khrupkie razrusheniya meteoroidov v atmosferakh planet
[Brittle Fracture of Meteoroids in the Atmospheres of the Planets]. Sarov. RFNC−VNIIEF Publ.
2006. 178 p. (In Russian).

18. Ionov G.V. Raschet dvizheniya fragmentov v atmosfere s uchetom nablyudatel'nykh
dannykh [Calculation of movement of fragments in the atmosphere taking into account observational
data]. Zababakhinskie nauchnye chteniya: sbornik materialov XII Mezhdunarodnoy konferentsii.
2−6 iyunya 2014 [Zababakhin Scientific Talks: Proceedings of the XII International Conference
2−6 June 2014]. Snezhinsk. RFNC−VNIITF Publ. 2014. P. 30−31 (In Russian).



226

19. Gerasimov S.I., Erofeev V.I., Kikeev V.A., Fomkin A.P. Ob osobennostyakh raschetno-
eksperimental'nykh issledovaniy aerodinamicheskikh protsessov pri giperzvukovykh skorostyakh
obtekaniya [On specific features of numerical and experimental investigation of aerodynamic
processes at hypersonic flow velocity]. Vychislitel'naya mekhanika sploshnykh sred [Computational
Continuum Mechanics]. 2013. Vol. 6. No 1. P. 34−40 (In Russian).

20. Gerasimov S.I., Kikeev V.A., Fomkin A.P. Increasing the informative character of aero-bal-
listic experiment for increasing accuracy of determination of the drag coefficient. Technical Physics.
2016. Vol. 61. No 11. P. 1729−1736.

21. Gerasimov S.I., Kikeev V.A., Totyshev K.V., Fomkin A.P., Yanenko B.A. Vizualizatsiya
sverkhzvukovogo dvizheniya sfery v vozdukhe i v vode [Visualization of supersonic motion of a
sphere in air and in water]. Nauchnaya vizualizatsiya [Scientific Visualization]. 2017. Vol. 9. No 1.
P. 1−25 (In Russian).

TWO MECHANISMS OF AEROTHERMOMECHANICAL DESTRUCTION
AT HYPERSONIC VELOCITIES IN AIR
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The issues of protecting the Earth from the collision with space objects are considered. The
effectiveness of various methods of crushing such space objects, to alleviate the detrimental effects
of their falling onto the Earth, are analyzed. In the framework of the task, the problem of
experimentally studying aerothermomechanical carryover at the initial stage of the acceleration of
a model of a meteorite at hypersonic velocities in the conditions of intensive background radiation
is solved. Based on x-ray pictures and photographs of a body moving through the Earth's atmosphere
at hypersonic velocities, a qualitative picture of the aerothermomechanical carryover and the
deceleration of steel balls and balls made of a composite wolfram-nickel-iron alloy is presented.
The processes observed during the motion of the steel balls and the balls of the composite alloy are
shown to differ in their character. Their motion under the effect of the heat flow (convective or
radiation) is accompanied by intensive heating of the frontal surface of the objects, followed by its
carryover, which results in the changes of its mass and outline. During the motion from the polar
part of the frontal surface along the flow, the level of thermal loading decreases and, hence, the
film cools down. Accordingly, the viscosity of the melt increases, the flow rate of the film decreases,
and a burl is formed. The accumulating melt periodically drops from the body surface. In the
process of deceleration the flows decrease, the carryover stops, after which the outline of the
objects no longer changes, and the surface temperature drops. For the steel balls, the carryover
results from melting through the outer layer and drop losing. The carryover mechanism in the balls
of the wolfram-nickel-iron alloy is connected with the different melting temperatures of its
components and results in the motion of the wolfram particles in the direction normal to the direction
of the motion of the body.

Keywords: aero-thermo-mechanical ablation, aeroballistic experiment, X-ray imaging.


